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AUTONOMOUS NAVIGATION I N  LONG-DURATION 

HIGHLY ECCENTRIC ORBITS ABOUT MARS 

By Flora  B. Lowes 

1.0 SUMMARY 

The problem of e f f ec t ive  autonomous navigation f o r  a manned 
spacecraf t  i n  highly eccentr ic  o rb i t s  f o r  long durat ions i s  considered. 
A s t a t i s t i c a l  e r r o r  analysis  based on star-horizon, unknown landmark, 
and surface beacon measurements i s  presented f o r  a 300-day o r b i t a l  
s tay  time about M a r s .  The data  are processed w i t h  a Kalman f i l t e r ,  and 
the  methods are evaluated f o r  t h e i r  app l i cab i l i t y  and effect iveness  i n  
t h e  minimization of estimated s t a t e  e r r o r s  and i n  t h e  production of 
reasonable measurement schedules. Results of t h e  study ind ica te  t h a t  
t h e  two op t i ca l  angle measurement methods, although constrained by t h e  
o r b i t a l  geometry, can be optimally combined and used f o r  only 4 hours 
per d v  t o  produce an accuracy of l e s s  than 1 n. mi. 
e r r o r  i n  the  spacecraft  pos i t ion  obtained by continuous onboard radm 
tracking of surface beacons i s  la rger  than t h a t  obtained with t h e  
optical .  navigation techniques. However, t h e  result i s  highly dependent 
on t h e  beacon loca t ion  e r r o r s  and was found t o  improve as t h e  knowledge 
of t h e  loca t ions  w a s  increased. 

The estimated a 
2.0 INTRODUCTION 

Future manned interplanetary missions, which w i l l  probably include 
lengthy planetary stopovers, place considerable emphasis on t h e  study 
of t h e  navigation problem of a manned spacecraft  i n  highly eccent r ic ,  
long-duration o r b i t s .  With future  mission planning i n  mind and i n  
an t ic ipa t ion  of more dependence on autonomous navigation i n  in t e r -  

navigation techniques t o  determine those which a re  most e f f ec t ive  and 
adaptive t o  such missions. Orbits with high e c c e n t r i c i t i e s  and which 
must be maintained over a long span of time o f fe r  a new opportunity 
f o r  navigation study because limited information i s  ava i lab le  i n  t h i s  
f i e l d ;  t h a t  i s ,  most documented o r b i t a l  navigation analyses have been 
performed f o r  r e l a t i v e l y  short-duration and near-circular o r b i t s .  

* planetary t r a v e l ,  it i s  important t o  evaluate state-of-the-art  

a 
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A s t a t i s t i c a l  e r r o r  ana lys i s  i s  presented t h a t  i s  based on th ree  
types of o r b i t a l  navigation techniques 
and surface beacon t racking.  
navigation techniques can be found i n  t h e  referenced l i t e r a t u r e .  
methods are evaluated under t h e  a s smpt ion  t h a t  t h e  data are processed 
with a Kalman f i l t e r .  I n  the  mathematical model, only sensor noise  i s  
considered f o r  t h e  unknown landmark navigation; however, f o r  t h e  other  
measurements, a dynamical bias i s  a l s o  included. 

star-horizon, unknown landmarks 
The basic  mathematical models of t hese  

A l l  

The study i s  i n i t i a t e d  with o r b i t a l  i n se r t ion  at Mars pe r i aps i s  
and i s  terminated a t  t r ansea r th  in j ec t ion  a f t e r  a 300-day s t ay  t i m e .  
The i n i t i a l  pos i t ion  and ve loc i ty  of t h e  spacecraf t  a r e  computed from a 
matched-conic in te rp lane tary  program ( r e f .  1) coupled w i t h  a navigation 
and guidance analysis program ( r e f .  2 ) .  An Earth- inject ion e r r o r  matrix 
w a s  propagated and updated during t h e  trans-Mars phase of t h e  mission 
by use of a combination of onboard o p t i c a l  and Earth-based radar t racking .  
Four midcourse guidance maneuvers were implemented and the  e r r o r  matrices 
were degraded each time because of assumed cor rec t ion  e r ro r s .  
r e s u l t a n t  navigation e r r o r  matr ix  E ( t )  a f t e r  o r b i t a l  deboost i s  used 
i n i t i a l l y  i n  t h i s  study t o  present  a continuous ana lys i s  with r e a l i s t i c  
e r ro r s .  

The 

The purpose of t h e  study i s  t o  determine t h e  a p p l i c a b i l i t y  of known 
autonomous navigation techniques f o r  spacecraf t  i n  highly eccen t r i c ,  long- 
duration o r b i t s .  
acceptable measurement schedules while enough information i s  produced t o  
minimize estimated state e r ro r s .  

The ana lys i s  i s  based on t h e i r  capab i l i t y  t o  produce 

The f i r s t  sec t ion  of t he  paper b r i e f l y  reviews t h e  reference mission 
chosen fo r  t h e  study. 
navigation system which involves t h e  th ree  navigat ional  measurement 
types evaluated. 
p a r t s  i n  the r e s u l t s  and discussion sect ion:  
angle measurements ( i . e . ,  star-horizon and unknown landmarks) , and 
( 2 )  data fo r  onboard beacon t racking.  

This sec t ion  i s  followed by a descr ip t ion  of t h e  

F ina l ly ,  t h e  ana lys i s  data are presented i n  two 
(1) data f o r  t h e  o p t i c a l  

3.0 SYMBOLS 

designates body center  i n  f igu re  2 

covariance matr ix  of s t a t e  vector  uncertainty 

s e n s i t i v i t y  matr ix  

i d e n t i t y  matr ix  

0 
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K 

M 

Q 

R 
- 
r 

r 

r 
P 

- 
S 

sc 

t 

6 

0 

0 

P 

weighting matrix 

matrix defined by equation ( 6 )  

t h e  measurable, as defined i n  equation (1) 

covariance matrix of measurement e r r o r s  

pos i t ion  vector 

pos i t ion  vector  magnitude 

planet  radius  

transformation matrix 
t o  per turbat ions i n  
ve loc i ty  

tha t  relates o r b i t a l  element per turbat ions 
the Cartesian elements of pos i t ion  and 

s t a t e  vec tor  (pos i t ion  and ve loc i ty )  

spacecraf t  

t i m e  

u n i t  vector  i n  the  d i rec t ion  of ( ) 

ve loc i ty  vector  

angle defined i n  f igure  2 ( a )  

s tar-planet  included angle ( sextant  

angle defined i n  f igure  2 (b )  

range 

range rate 

range at f irst  s ight ing  (unknown landmark) 

range at second s ight ing (unknown landmark) 

0 state t r a n s i t i o n  matrix evaluated between t and t 
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Subscripts:  

S stax 

vh vehicle-planet horizon 

vp vehicle-planet center  

R landmark 

Superscripts:  

T transpose 

-1 inverse 

+ value a f t e r  measurement 

- value before measurement 

Operators : 

v;s( 1 gradient with respect  t o  

4.0 ANALYSIS 

4 . 1  Reference Mission 

. 

. 

The representat ive o r b i t  chosen f o r  t h i s  study i s  taken from a 

This o r b i t ,  t h e  c h a r a c t e r i s t i c s  of 
1977 Earth-Mars conjunction-class mission t h a t  involves a s t ay  time of 
300 days about t he  planet M a r s .  
which are given i n  t a b l e  I ,  i s  highly eccent r ic  with a per iaps is  
a l t i t u d e  of 200 n. m i .  and an apoapsis a l t i t u d e  of approximately 
1 0  000 n. m i .  This pa r t i cu la r  o r b i t  w a s  chosen as representa t ive  because 
of t h e  opportunities it o f fe r s  f o r  ove ra l l  mission planning i n  t h e  areas  
of m a x i m u m  s c i e n t i f i c  r e tu rn  and minimum fuel requirements (ref.  31, 
as w e l l  as f o r  t h e  v e r s a t i l i t y  it permits i n  t he  appl ica t ion  of naviga- 
t i o n a l  techniques. 
conjunction-class mission and t h e  o r b i t a l  period about Mars i s  shown 
i n  f igure 1. 
discussion of t h e  o r b i t  i s  contained. 

c 

A schematic of t h e  geometry of t h i s  Earth t o  M a r s  

This f igure  i s  taken from reference 4 i n  which de ta i l ed  
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4.2 Navigation System Description 

Because t h e  development of  the per t inent  navigation system equations 
and the  descr ipt ions of t h e  navigational  methods which pe r t a in  t o  them 
a re  thoroughly discussed i n  references 5 through 9 ,  t h e  following i s  
on ly  a b r i e f  summary of t h e  pr incipal  equations used i n  t h i s  analysis .  . 

9 

The recursive navigation theory i s  used i n  which measurements a r e  
made along t h e  t r a j e c t o r y  and, i n  tu rn ,  a re  processed by a Kalman f i l t e r  
t o  improve t h e  estimate of the  s t a t e  vector.  For each measurement, a 
s e n s i t i v i t y  matrix H ( t )  i s  computed which r e l a t e s  measurement deviat ions 
t o  state vector deviat ions.  This H matrix,  expressed by 

H ( t )  = VsQ (1) 

where Q i s  t h e  measurable, i s  associated with each type of navigation 
measurement made. A s  a r e s u l t  of each measurement and, t hus ,  t he  
ca lcu la t ion  of t h e  matrix H ( t ) ,  the covariance matrix E ( t )  of s t a t e  
vector uncer ta in t ies  i s  updated and then i s  propagated along t h e  t r a j ec -  
t o r y  by the  equation 

E ( t )  = 0 

where $ ( t , t O )  i s  t h e  s t a t e  

to and t .  

To' avoid numerical d i f f  

( 2 )  
T 

t , tO) E ( t O )  4 (%,to) 

t r ans i t i on  matrix evaluated between 

cu l t i e s  i n  t h e  update of t he  covariance - 

matrix E ,  t h e  standard form of the f i l t e r  update equations glven by 

E+ = (I - KH)E- (3) 

can be wr i t t en  i n  the  form 

T T + KRK E+ = (I - KH) E-(I - KH) 

b 

and 

( 4 )  

( 6 )  T M=HM + R  

The matrix R i n  equation ( 6 )  i s  t h e  covariance matrix of t h e  
e r ro r s  i n  making t h e  pa r t i cu la r  measurement. 
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For the three  navigation observation types used i n  t h i s  study, 
t h e  sens i t i v i ty  matrix H can be wr i t t en  as follows. 

1. For t he  star-horizon included-angle measurement, H i s  expressed 
as a 6 by 1 matrix defined by 

r -  I -  - \ -  I 1  . 
( 7 )  

? ’  - 
where us and a re  t h e  un i t  vectors  from t h e  spacecraf t  t o  t h e  

star and t o  the  p lane t ,  respec t ive ly .  The magnitudes r and r vh 

and t h e  angle B 
of  the  star-horizon measurement. 

VP 

VP 
a re  defined i n  f igu re  2 ( a )  which shows t h e  geometry 

2. For t he  unknown landmark navigation measurement, H i s  again 
expressed as a 6 by 1 matrix ( r e f .  5 )  defined by 

I -  H T =  [o 
- 

where u and u are  t h e  un i t  vectors  from t h e  spacecraf t  t o  t h e  

landmark at  t he  f i r s t  and second measurement t imes,  respec t ive ly .  
The geometry of t h i s  measurement i s  shown i n  f igure  2 ( b ) .  

p 1  

3. %or t h e  suTface beacon measurement , t h e  measurables a r e  range 
p and range r a t e  p of t h e  spacecraft with respect  t o  t h e  beacon. 
Thus, the matrix H i s  of 6 by 2 dimension and i s  expressed by 

U I 
P------L-- 

I ( 9  1 c 

- 
where u 

spacecraft  t o  t h e  beacon, 

c r a f t  with respect  t o  t h e  beacon, and 
If e i ther  of t h e  two measurements, range o r  range r a t e ,  i s  measured 
separately,  t he  matrix i n  equation ( 9 )  would reduce t o  t h e  6 by 1 
dimension composed of t h e  respect ive row which per ta ined t o  t h e  
measurement pro ce s s ed . 

i s  t h e  un i t  vector f o r  t h e  slant range measured from t h e  
P 

Vslm i s  t h e  ve loc i ty  vec tor  of t h e  space- 

/ p /  i s  t h e  range magnitude. 
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. 

V 

These matrices can be augmented ( r e f .  9 )  t o  include t h e  errors 
with respect t o  components o ther  than pos i t i on  and ve loc i ty  when needed 
(e.g.  , t h e  inc lus ion  of t h e  estimation of beacon loca t ion  e r r o r s  ) . 

The RMS (root-mean-square) pos i t ion  and ve loc i ty  e r ro r s  a r e  
computed d i r e c t l y  from t h e  covariance matrix of navigation e r r o r s  
However, t o  present e r r o r s  i n  t h e  o r b i t a l  element estimation, a 
transformation i s  involved. This operation i s  defined by 

E ( t ) .  

E ' ( t )  = S ( t )  E ( t )  S T ( t )  (10 1 

where S i s  t h e  transformation matrix t h a t  r e l a t e s  perturbations i n  
t h e  o r b i t a l  elements t o  perturbations i n  t h e  Cartesian components of 
p o s i t  ion and ve loc i ty .  

The assumed e r r o r s  used for t he  navigation system a r e  presented 
i n  t a b l e  11. 

5.0 RESULTS AND DISCUSSION 

5.1  Optical  Angle Measurements 

The choice of t h e  two op t i ca l  measurements, star-horizon and 
unknown landmarks, f o r  evaluation i n  t h i s  study was based on t h e  
assumption t h a t  e i t h e r  method could e a s i l y  be applied t o  t h e  mission 
considered. Both methods a re  r e l a t i v e l y  wel l  known and e a s i l y  imple- 
mented because a i l  t h a t  a r e  needed we an o p t i c a l  device s x h  as t h e  
sex tan t ,  t h e  p l ane t ,  a catalogue of stars, and a man t o  make t h e  
measurements. Thus, f o r  a manned mission which o r b i t s  about MEWS, t h e  
app l i ca t ion ,o f  t hese  two navigation methods i s  dependent upon t h e  
r e s t r i c t i o n s  imposed by t h e  o rb i t  i t s e l f .  Some of t h e  d i f f i c u l t i e s  
imposed by t h e  highly eccent r ic  o rb i t  a r e  t h e  f l a t n e s s  of t h e  t r a j e c t o r y  
and t h e  ex t remi t ies  of t h e  distances from t h e  planet ( i . e . ,  very close 
a t  pe r i aps i s  and far away at apoapsis).  
o f f e r s  o ther  r e s t r i c t i o n s  caused by i t s  period of approximately 1 2  hours 
and by t h e  surface l i g h t i n g  conditions. 
pe r i aps i s  pos i t ion  i n  sunlight at  all times; t h u s ,  only within approxi- 
mately fgOo of pe r i aps i s  i s  t h e  surface i n  sunl ight .  

This p a r t i c u l a r  o r b i t  a l s o  

The o r b i t  maintains i t s  

The star-horizon included-angle measurement i s  not r e s t r i c t e d  by 
surface l i g h t i n g  conditions. 
v i s i b l e  m d  a recognizable star can be distinguished from t h e  space- 
c r a f t ,  t h i s  p a r t i c u l a r  measurement can be used. 
i n  t h i s  study, t h e  stars are  chosen randomly from a computer star 
catalogue, and t h e  planet rim used at a l l  times is  t h a t  of M a r s .  

A s  long as t h e  r i m  of t he  planet i s  

For t h e  measurements 
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It was found t h a t  t h e  star-horizon measurement w a s  used most 
e f fec t ive ly  during t h e  outer  sect ions of t h e  o r b i t ,  t h a t  i s ,  not i n  the  
proximity o f  pe r i aps i s ,  because of t h e  r e l a t i v e l y  shor t  time phase of t h e  
o r b i t  near per iaps is  and because of t h e  low-per iaps is  a l t i t u d e  which 
causes a number of t h e  stars i n  the  star catalogue t o  be occulted by 
M a r s .  Conversely, t h e  outer  port ions of t h e  o r b i t  o f f e r  a f r e e  f i e l d  
for t h i s  measurement because of t h e  d is tance  and t h e  majority of t h e  
o r b i t a l  time spent there .  The geometry of t h i s  measurement i n  
f igu re  2 (a )  and t h e  o r b i t a l  cha rac t e r i s t i c s  i n  t a b l e  I w i l l  provide a 
b e t t e r  understanding of t h e  r e s t r i c t i o n s ,  measurements, and r e su l t an t  
data .  

I 

* 

The RMS posi t ion uncertainty i s  p lo t t ed  against  t h e  t o t a l  time i n  
o r b i t  i n  f igu re  3(a) .  For t h i s  p l o t ,  star-horizon measurements only 
were made a t  l-hour in t e rva l s  f o r  the  e n t i r e  o r b i t a l  s t a y  time. Although 
t h i s  schedule i s  u n r e a l i s t i c  fo r  man f o r  300 days, t h e  f igu re  i s  presented 
t o  es tab l i sh  a f a m i l i a r i t y  f o r  t h i s  measurement and the  l e v e l  t o  which it 
reduces the estimated pos i t ion  uncer ta in t ies .  
of t h e  time sca l e ,  t he  p lo t  produced represents  an e r r o r  envelope i n  
which only t h e  upper and lower boundaries a re  dis t inguishable .  
t h e  mean er ror  produced i s  approximately 2.0 n. m i .  
pos i t ion  uncertaint ies  and keep them a t  a low l e v e l ,  t h e  star-horizon 
measurement must be made of ten  throughout t h e  o r b i t .  

Because of t h e  magnitude 

However, 
To reduce t h e  

A s  previously mentioned, t he  only p a r t  of t h e  Martian surface 
which i s  l igh ted  i s  t h a t  p a r t  within a goo proximity of  t h e  per iaps is  
l i n e .  Thus, when t h e  unknown landmark navigation i s  considered, t h e  
measurements must be l imi ted  t o  a per iod of approximately 2 hours i n  
t h e  o r b i t  when t h e  spacecraf t  i s  near pe r i aps i s  so t h a t  t h e  surface 
fea tures  can be dis t inguished.  
presented i n  f igure  3 ( b )  as a function of t h e  t o t a l  o r b i t a l  time f o r  
unknown landmark measurements only. 
each orb i t  while surface landmarks were v i s i b l e .  One s e t  of measure- 
ments w a s  made every 10  t o  1 5  minutes. 
qu i t e  e f fec t ive  i n  t h e  reduction of pos i t ion  uncer ta in t ies  and r e s u l t s  
i n  an approximate mean e r r o r  of 1 n. m i .  [ f i g .  3 ( b ) l .  

The RMS pos i t ion  unce r t a in t i e s  a re  

These measurements were used during 

This measurement type i s  c 

When t h e  da t a  obtained with t h e  t w o  o p t i c a l  measurements w a s  4 

a evaluated, it w a s  found t h a t  a combination of t h e  two techniques i s  more 
e f f ec t ive  i n  the  reduction of measurement e r r o r s  than i s  e i t h e r  technique 
when used individual ly .  Each of t h e  two techniques tends t o  compensate 
f o r  the  o ther ' s  weaknesses caused by t h e  high eccen t r i c i ty  of t h e  o rb i t  
and the  surface l i gh t ing  conditions.  
combination of these  two measurement types a re  presented i n  f igu re  3 ( c ) .  
For t h i s  p lo t  of RMS pos i t ion  unce r t a in t i e s ,  star-horizon measurements 
were made a t  15-minute in t e rva l s  during t h e  phase of t h e  o r b i t  between 
160° and 195' t r u e  anomaly, and unknown landmark measurements were made 
at 15-minute intervals  between 270' and 90' t r u e  anomaly. 

P lo t t ed  da t a  produced by t h e  

A fu r the r  
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r e s t r i c t i o n  w a s  t h a t  measurements were made only during every other  
o r b i t .  Use of t h e  combination of t h e  two measurement types f o r  
approximately 4 hours of navigation per day ( i . e .  , 2 h r  i n  t h e  v i c i n i t y  
of apoapsis and 2 hr i n  t he  v i c in i ty  of pe r i aps i s )  i s  s u f f i c i e n t  t o  
maintain an accuracy of approximately 0.5 n. m i .  f o r  t h e  o r b i t a l  s t ay  
time [ f i g .  3( c ) ]  . The combination of measurements not only produces 
acceptable accuracies but also provides a reasonable working schedule 
f o r  t h e  crewman by lowering t h e  workload required f o r  navigation 
measurements. 

The RMS uncer ta in t ies  i n  the o r b i t a l  elements are presented i n  
f igu re  4 for t h e  previously discussed combined measurement schedule. 
These e r ro r s  a re  p lo t t ed  f o r  t he  f i r s t  10  t o  1 2  days only. However, 
t h i s  time length seems t o  be su f f i c i en t  t o  analyze t h e  e f f e c t s  i n  the  
o r b i t a l  elements because as i s  evident from inspect ion of t o t a l  pos i t ion  
uncertainty p l o t s ,  when t h e  errors  a r e  reduced s u f f i c i e n t l y ,  they w e  
decreased very l i t t l e  during the  r e s t  of t h e  o r b i t a l  s tay  time. Instead,  

1, t h e  e r ro r s  a re  maintained at t h i s  decreased l e v e l  by t h e  optimal 
scheduling of t he  navigation measurements. Thus, t he  t rends of t h e  
curves a r e  already establ ished by 10  days ( f i g .  4 ) .  
i n  t he  semimajor axis i s  presented i n  f igu re  4(a) .  
can be seen t h a t  t h e  e r r o r  is ra ther  l a rge  at t h e  beginning of t h e  
mission but i s  decreased s ign i f i can t ly  t o  a very s m a l l  uncer ta inty 
a f t e r  6 days of navigation measurements. 
curves f o r  eccen t r i c i ty  and inc l ina t ion  are  p lo t t ed  i n  f igu res  4 (b )  
and 4 ( c ) ,  respect ively.  The uncertaint ies  of t h e  th ree  remaining 
o r b i t a l  elements ( t r u e  anomaly, ascending node, and argument of pe r i aps i s )  
a r e  presented as th ree  respective curves i n  f igure  4 ( d ) .  
these  curves follow t h e  same trend as t h a t  f o r  t o t a l  pos i t ion  e r r o r  
and semimajor ax is  e r r o r ,  although they represent  smaller values.  Of 
all the  elements, the  uncertainty values f o r  i nc l ina t ion  appear t o  be 
most a f fec ted  by the  geometry of t h e  o rb i t  because it i s  t h e  most 
o sc i l l a to ry .  
t o  values of near insignif icance.  

The RMS uncertainty 
From t h e  p l o t  , it 

' The o r b i t a l  element uncertainty 
a 

A s  expected, 

However, t h e  boundaries of t h e  o s c i l l a t i o n  a re  reduced 

5.2 Onboard Beacon Tracking 

Unmanned soft-landing probes ( r e f .  1 0 )  may be deployed from t h e  
o rb i t i ng  manned spacecraf t  t o  study t h e  Martian atmosphere and co l l ec t  
other s c i e n t i f i c  data .  These probes could car ry  a transponder ( ca l l ed  
a beacon) f o r  radar t racking  by t h e  o rb i t i ng  spacecraf t .  
transponder capabi l i ty  may become the  primarry purpose of t h e  probes. 
The beacons could provide almost continuous automatic t racking capabi l i ty  
and would not be hampered by surface l i gh t ing  conditions.  Thus, i n  
t h e  study of beacon t racking ,  questions a r i s e  about t h e  number of 
transponders needed on t h e  surface,  about where and when they should be 
deployed, and about how well  t h e i r  loca t ions  must be known f o r  e f f i c i e n t  
o r b i t a l  navigation about Mars. 

In  f a c t ,  t h i s  
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The deployment of some of t h e  beacons from t h e  spacecraf t  may be 
accomplished during the  trans-Mars portion of t h e  mission. 
ment would depend upon t h e  f u e l  budget allowed f o r  t h e  beacons. 
t h e  beacons f o r  e i t h e r  t h e  northern o r  southern hemisphere would cost  
approximately t h e  same if the  beacons were deployed far enough away 
from M a r s  ( r e f .  10). Some of t h e  beacons would be saved f o r  deployment 
u n t i l  t he  spacecraft  had been i n  o r b i t  f o r  a period of time. 
t h i s  aspect involves a thorough, separate  study and cannot be discussed 
i n  depth i n  t h i s  paper. 

This deploy- 
Targeting 

'c However, 

L 

The study of onboard beacon t racking  w a s  i n i t i a t e d  with 1 0  beacons 
placed at longitudes 36' apart .  
northern p a r t  of t h e  planet  f o r  approximately 10  hours of t h e  t o t a l  
12-hour o r b i t a l  per iod,  s i x  of t h e  beacons were placed i n  t h e  northern 
hemisphere, and four were placed i n  t h e  southern hemisphere. Later ,  
t h e  number of beacons w a s  decreased t o  four ,  two i n  each hemisphere 
and spaced approximately 90' apar t .  
surface for  continuous t racking capab i l i t y ,  it must be remembered t h a t  
two o rb i t s  a r e  required before all of t h e  planet  i s  i n  view of t h e  
spacecraft  because of t h e  near 12-hour period of t h e  o r b i t  and t h e  
24-hour ro t a t iona l  period of Mars. 
assumed i n  t h e  simulation regard less  of t he  dis tance from t h e  spacecraft  
t o  t h e  surface beacon, except when the  beacon i s  below t h e  horizon. 

Because t h e  o r b i t a l  plane i s  i n  the  

When t h e  beacons a r e  spaced on t h e  

Line-of-sight radar  v i s i b i l i t y  i s  

A cornpaxative study of range rate only and range/range-rate t racking  
by use of t h e  beacons w a s  made with sensor noise  and beacon loca t ion  
e r ro r s  included. For t h e  conditions used, t he  addi t ion of t h e  range 
measurements t o  the  range-rate t racking  w a s  found t o  cont r ibu te  l i t t l e  
s igni f icant  d a t a  toward a decrease i n  t h e  e r r o r  values computed. There- 
fo re ,  the presented da ta  and discussion a r e  f o r  range-rate t racking only. 

The RMS pos i t ion  uncertainty of t h e  spacecraf t  i s  p l o t t e d  as a 
funct ion of time i n  f igure  5 fo r  range-rate t racking  when 10  surface 

loca t ion  e r ro r s  were assumed i n  t h e  beacon loca t ions .  A s  shown i n  t h e  
f igu re ,  the spacecraf t  pos i t ion  e r ro r  i s  reduced quickly and remains close 
t o  t h e  0.25-n. m i .  value. Although the  d a t a  a re  p lo t t ed  f o r  only 11 days,  
t h e  curve would be expected t o  continue at t h i s  low e r r o r  value.  
uncertainty curve i s  opt imis t ic  because it r e s u l t s  from an assumption 
of no locat ion e r r o r s  assigned t o  t h e  beacons. 

beacons are used. Measurements were made at 15-minute i n t e r v a l s ,  and no c 

This 

To determine t h e  e f f e c t  of beacon loca t ion  e r r o r s  on t h e  
estimation of t h e  s t a t e  of t h e  spacecraf t ,  a 4-mile e r r o r  i n  t h e  
longitude and l a t i t u d e  and a 6000-foot e r r o r  i n  t h e  a l t i t u d e  of t he  
beacons' locat ions were assumed. The e r r o r s  i n  t h e  l a t i t u d e  and 
longitude were t r e a t e d  both de te rminis t ica l ly  as a bias and as a 
nondeterministic e r r o r  source t o  be solved for i n  t h e  f i l t e r .  The 
a l t i t u d e  e r r o r  w a s  t r e a t e d  as a de te rminis t ic  error only. 
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The RMS pos i t i on  uncer ta in ty  da ta  a re  presented i n  f igu re  6 f o r  
range-rate measurements i n  15-minute i n t e r v a l s ,  with 1 0  surface beacons, 
and with t h e  previously mentioned loca t ion  e r r o r s .  This uncer ta in ty  
curve represents  t h e  case i n  which t h e  beacon l a t i t u d e  and longitude 
e r r o r s  a re  estimated by use of t h e  f i l t e r .  The estimated spacecraft  
pos i t i on  uncer ta in ty  i s  osc i l l a to ry  with t h e  o r b i t a l  period and, a f t e r  
1 day of t racking ,  l i e s  between the bounds of approximately 1 .5  t o  
8 n. m i .  ( f i g .  6 ) .  The f igu re  i s  presented with t h e  broken time 

c s c a l e  so  t h a t  t h e  e r r o r  obtained during t h e  f irst  1 0  days of t h e  
o r b i t a l  stay time can be compared t o  t h e  e r r o r  obtained 100 days l a t e r .  
A s  previously mentioned, when t h e  error i s  reduced, it tends t o  continue 
at t h e  reduced l e v e l  with continued t racking .  

. 

I n t u i t i v e l y ,  t h e  estimated beacon loca t ion  e r r o r s  might be expected 
t o  continue t o  decrease and, i n  tu rn ,  t o  reduce t h e  spacecraft  pos i t ion  
uncer ta in ty  throughout t h e  tracking period. However, t h i s  assumption 
i s  not t r u e  with t h e  e r r o r s  assumed because t h e  estimated beacon 
loca t ion  e r r o r s  behave i n  t h e  same manner as t h e  estimated spacecraft  
s t a t e  vector unce r t a in t i e s ;  t h a t  i s ,  they a re  reduced during t h e  f i r s t  
few o r b i t s  t o  some l e v e l  a t  which they tend t o  remain. I n  t h i s  case,  
it w a s  found t h a t  t h e  l a t i t u d e  error w a s  reduced t o  approximately 
0.25 n. m i . ,  but t h e  longitude e r ror  w a s  reduced only t o  approximately 
1 . 5  n. m i . ;  t hus ,  s izab le  e r r o r s  i n  t h e  surface beacon loca t ions  were 
maintained. 

e 

, 

The p lo t t ed  da ta  f o r  t h e  study i n  which t h e  loca t ion  e r r o r s  a re  
t r e a t e d  de te rminis t ica l ly  ( i . e . ,  the  beacon loca t ion  e r r o r s  a re  not 
estimated) are not presented because they produced tiie same e f f e c t s  
as seen i n  f igu re  6 with t h e  exception t h a t  t h e  e r ro r  envelope w a s  
r a i s e d  approximately 0.75 n.  m i .  

When t h e  curve i n  f igure  6 i s  compared t o  t h a t  i n  f igu re  5 ,  it i s  
evident t h a t  e r r o r s  i n  the  locations of surface beacons e f f ec t ive ly  r a i s e  
t h e  l i m i t s  of t h e  RMS pos i t ion  e r ror  curves. 
components of pos i t ion  e r r o r  ( i . e . ,  a l t i t u d e ,  range, and t r a c k )  were 
examined, it w a s  found t h a t  t h e  a l t i t ude  uncer ta in ty  i s  reduced very ea r ly  
t o  a s m a l l  e r r o r  value even when the  beacons a re  assumed t o  have l a r g e  
loca t ion  e r ro r s .  The t r ack  uncertainty tends t o  decrease slowly and 
t h e  down-range e r r o r ,  which maps i n t o  a timing e r r o r ,  remains t h e  
l a r g e s t  component of t h e  t o t a l  estimated pos i t ion  uncertainty.  

When t h e  individual 

The p o s s i b i l i t y  w a s  investigated t h a t  t h e  amount of t racking  
might be increased during the  early portions of t h e  o r b i t a l  mission 
so t h a t  t h e  estimated e r r o r s  i n  the beacon loca t ions  might be reduced 
and, thus , the  spacecraft posit ion uncer ta in ty  might be reduced. 
However, t h i s  increase i n  tracking w a s  found t o  have l i t t l e  e f f e c t .  
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A simultaneous study w i t h  only four  surface beacons w a s  performed. 
The RMS posi t ion uncertainty of t h e  spacecraf t  i s  p lo t t ed  i n  f igu re  7 
as a funct ion of t i m e  i n  o r b i t  f o r  t h e  same conditions and i n  the  same 
manner as t h a t  i n  f igure  6 except f o r  t h e  t racking  of only four  beacons. 
The use of t he  four beacons r a t h e r  than 1 0  raises t h e  upper bound of 
t h e  estimated pos i t ion  e r r o r  envelope approximately 4 n. m i .  and t h e  
lower bound approximately 0 .5  n. m i .  I n  f u r t h e r  study, it w a s  found 
t h a t  i f  t h e  locat ions of these  four  beacons were assumed t o  be b e t t e r  
known t h e  bounds of t h e  e r ro r  curve f e l l  within t h e  l i m i t s  of t h a t  
f o r  t h e  10 beacons ( f i g .  6 ) .  Thus, t h e  d a t a  tend t o  ind ica te  t h a t  fewer 
beacons could be used if t h e  a b i l i t y  t o  determine t h e i r  loca t ions  i s  
improved. 
f o r  use i n  611 o r b i t s  could provide enough information t o  t h e  spacecraf i  
f o r  o r b i t  maintenance based again on t h e  knowledge of t h e  loca t ions  of 
t h e  beacons. 

A minimum of at  least  four  surface beacons properly spaced 

The uncer ta in t ies  i n  t h e  spacecraf t  o r b i t a l  elements determined by 
use of surface beacon t racking  are not p lo t t ed .  The only element t h a t  
showed any detectable  e r r o r  w a s  t h e  semimajor axis which maintained an 
o s c i l l a t o r y  uncertainty between approximately 100 fee t  and 450 fee t .  
The errors i n  t h e  estimations of t h e  other  f i v e  o r b i t a l  elements were 
reduced immediately t o  an in s ign i f i can t  l e v e l .  

6.0 CONCLUDING REMARKS 

For future mission planning, it i s  important t o  determine t h e  
e f fec t iveness  of some of t h e  known autonomous navigation methods, as 
we l l  as t h e i r  adap tab i l i t y  t o  such missions.  A s t a t i s t i c a l  e r r o r  
analysis based on t h e  use of star-horizon included-angle measurements, 
unknown landmarks, and surface beacons has been presented f o r  navigation 
i n  a highly eccent r ic ,  long-duration o r b i t  about Mars. It w a s  found 
t h a t  t hese  methods could be d i r e c t l y  applied t o  such an o r b i t  with only 
s l i g h t  modification, but t h a t  t h e  geometrical  o r b i t a l  r e s t r i c t i o n s  must 
be considered i n  t h e  optimal. scheduling of navigation measurements. 

The onboard o p t i c a l  measurements (unknown l a n b a r k  and s tar-horizon)  
when used as a combination f o r  4 hours per day were found t o  produce 
an accuracy of less than 1 n. m i .  f o r  t h e  300-day o r b i t a l  s tay .  It w a s  
a l s o  found tha t  t h e  use of these  measurements i n  an optimal manner f o r  
t h e  reduction of t h e  crewman workload d i d  not decrease t h i s  l e v e l  of 
accuracy. 
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I n  con t r a s t ,  t h e  use of t h e  surface beacons f o r  radar t racking 
from the  spacecraf t  does not reduce t h e  estimated s t a t e  e r ro r s  as well  
as t h e  op t i ca l  measurements if f a i r l y  l a r g e  beacon locat ion e r ro r s  are  
assumed. 
almost continuous automatic tracking and i s  not hampered by l i g h t i n g  
r e s t r i c t i o n s .  

t h e  beacon locat ions on t h e  surface i s  required.  

However, t he  beacon tracking does o f f e r  t h e  advantage of  

Thus, f o r  t h i s  type measurement t o  be of value,  as 
t compared t o  t h e  op t i ca l  measurements, an accurate technique t o  determine 

I c 
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TABLE 1.- CHARACTERISTICS OF MARS STOPOVER ORBIT 

(1977 MARS MISSION) 
Orbit stay time, days . . . . . . . . . . . . . . . . . . .  300 

Periapsis altitude, n. mi. . . . . . . . . . . . . . . . .  200 

Apoapsis altitude, n. mi. . . . . . . . . . . . . . . . .  9621.67 
Inclination, deg . . . . . . . . . . . . . . . . . . . . .  18.65 

Eccentricity .697 

Period, hr . . . . . . . . . . . . . . . . . . . . . . . .  11.78 

. . . . . . . . . . . . . . . . . . . . . . .  

Periapsis velocity in (hyperbola), fps . . . . . . . . . .  17 800 

Periapsis velocity (ellipse), fps . . . . . . . . . . . . .  14 403 

Apoapsis velocity (ellipse) . fps . . . . . . . . . . . . .  2568 

Periapsis velocity out (hyperbola), fps  . . . . . . . . . .  18 395 

1 

4 
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TABU 11.- NOMINAL ROOT-MEAN-SQUARE ERROR VALUES 

IN NAVIGATION SYSTEM, la 

State position uncertainty, n. mi. . . . . . . . . . . . .  
State velocity uncertainty, fps . . . . . . . . . . . . . .  
Onboard sextant accuracy, arc sec . . . . . . . . . . . . .  
Optical error for unknown landmark sightings, arc min . . .  
Onboard radar accuracy 

Range 

Noise, ft . . . . . . . . . . . . . . . . . . . . . .  
Bias, ft . . . . . . . . . . . . . . . . . . . . . . .  

Range rate 

Noise, fps . . . . . . . . . . . . . . . . . . . . . .  
Bias, fps . . . . . . . . . . . . . . . . . . . . . .  

Radius uncertainty/planet radius . . . . . . . . . . . . .  

1 5  

61 

10 

1 

150 

1 5  

.6 
.03 

.005 

Y 
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FIGURE 2.- GEOMETRY OF OPTICAL MEASUREMENTS USED I N  
ORB I T A 1  N A V I G A T I O N .  
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